The paper deals with the methodology of determining residual stresses using Electronic Speckle Pattern Interferometry (ESPI). ESPI can be used as a truly non-destructive testing technique in that it is a laser based, optical, full field, non contacting method which reveals surface displacements to an accuracy of approximately 300 nanometres when a Helium Neon laser is used. In a simple experiment, a fixed-ends rectangular aluminium plate was subjected to uniform loading and the out of plane surface displacement field was obtained through ESPI. Subsequently a comparison of these measurements was made with measurements obtained after the plate was subjected to shot peening. The above method aimed to identify the extent of residual stresses that were imposed on the rectangular plate after the shot peening process which is known to induce such stress. Bearing in mind that ESPI produces a full field surface displacement map through a characteristic interference fringe pattern, any anomaly displayed on the fringe pattern could be interpreted as a flaw or defect on or beneath the surface under observation. The authors have included in this paper typical examples where the ESPI applied in a prototype device constructed by the authors, has identified defects in various engineering components made from a variety of materials.
Introduction
Electronic Speckle Pattern Interferometry (ESPI) is a laser based, optical, non-contact, whole field, non-destructive testing technique capable of measuring surface displacements on an object under test, of the order of half the wavelength of the laser light used.
Furthermore the displacement measurements can be effected quite independently of each other, either in the in-plane or out-of-plane directions relative to the observer, depending on the experimental set-up. The diagram below serves to illustrate the typical experimental set-up for out-of-plane surface displacement measurements of a component under test. The testing is truly non-destructive, in that an image of the object's surface is obtained and stored in the computer at any given stress level. Subsequent to minor perturbation of the object, by a puff of hot air from a hair drier, or minute pressure exerted, or vacuum applied equivalent to a human's lungs capacity , or the pressure exerted by ones finger or a small mass, a second image is obtained and stored in the computer. Appropriate software allows the addition or subtraction of the pixels of the two images, giving rise to interference fringes depicting the difference in surface dimensions between the two images of the object under test, as a results of their loaded/stress levels. Simple ray theory applied to the interferometric priciple, that the change of the path length between illumination source and observer is directly proportional to the out of plane displacement of a surface under test, gives rise to a simple equation quantifying the object's out-of-plane surface displacement, as shown in equation (1) below.
where nλ is the product of the number of fringes observed and the wavelength of the illumination source respectively and α and β are the angles betwenn the illumination and observer directions respectively with the normal to the surface of the object under test. Therefore if one can minimize these angles, it can obviously be demonstrated that the sensitivity of the out of plane displacement measurement, approaches or is of the magnitude of half the wavelength of the light source. This is approximately equal to 315 nanometres for a Helium-Neon laser.
Residual Stresses
Residual or locked-in stresses in a component or structure may be created at any time, even originating from the raw material used during the production of a component, in that the residual stress state of a material will result from manufacturing processes such as heat treatment, rolling, grinding, polishing etc. The stress that a component will be subjected to, during service, is the algebraic sum of applied and residual stresses which is often not a trivial matter to evaluate. Residual stresses may be measured by nondestructive testing methods such magnetic, ultrasonic and neutron diffraction techniques, as well as by locally destructive techniques which have the effect of relieving the stresses locally, including hole drilling, block removal, slicing, layering What is proposed here is to attempt the measurement of residual stresses by using the ESPI surface displacement measurement technique. Any surface under load, within the elastic limit of its material, will deform a given amount, basically proportional to the load which will in turn give rise to a certain level of stress in it. It follows that since residual stresses may inhibit or aid surface displacement with respect to externally applied loads depending on their nature i.e. compressive or tensile stresses, one only has to compare the displacements yielded by a surface under identical loads. If residual stresses are present or have been introduced, the surface displacement field will be different from what is expected!
Flaw/Defect Detection
The ESPI technique produces a map of the surface displacement field of an object that has been subjected to a strain that it experiences from a minute perturbation in terms of a force, heat transfer, vacuum/pressure etc. that has been applied to it. The surface displacement field is represented in the form of interference fringes (zebra like stripes) superimposed on the image of the object. Any disturbance on this pattern, like the abrupt change of direction, or the density change of these fringes, represents an impediment in the surface displacement. Obviously knowing the structure of the object one can and should be able to distinguish between structural effects and flaws or defects, which invariably affect the surface displacement field under the influence of the above mentioned perturbations. This in fact is the whole crux of the matter. ESPI has successfully been proven as a first class NDT technique, which is able to identify surface and more importantly sub-surface flaws or defects. These include de-bonds and de-laminations in composites, cracks and slag in welding, porosity, corrosion etc. Up to fairly recently and the authors are not aware of the contrary, ESPI has been a laboratory confined procedure. Being an interferometric set-up it is subject to the stringent demands of isolation against vibration and rigid body motion, hence a technique for laboratories equipped with optical tables. The authors have resolved this problem by producing an ESPI prototype or demonstrator (Figure 1.1) which is able to operate outside laboratory conditions, i.e. in the work place, and yield reliable results regarding defect or flaw detection. Typical examples of defects/flaws detected using this portable ESPI system, which has proven its capability in the work place, are shown in 2.2 below.
Experiments and Results

Residual Stress Determination
A simple experiment was conducted which aimed at establishing the feasibility of the method as a reliable NDT technique in determining and quantifying residual stresses say in stock material such as plates, flat bars etc. A rectangular flat aluminium plate 170 x 120 x 4.5 mm was sandwiched in a steel frame equipped with an airtight chamber which enabled the application of uniform pressure or vacuum to be applied to one of the plate's surfaces. The other surface of the aluminium plate was exposed to the camera of an ESPI out-of-plane surface displacement measurement set-up, similar to the one depicted in Figure 1 . A small air pressure (measured in millimetres on an inclined alcohol manometer) was applied to the 'rear' surface of the plate and the fringe pattern indicating the bulging of the plate towards the camera, was captured and stored in the computer. A second image of the plate was obtained for the identical air pressure, after it had been subjected to shot peening. Comparison of the two images reveals that the plate did not bulge the same amount. This of course was expected since shot peening introduced compressive stresses on the surface of the plate, thus changing its net compliance. The results are shown in Figure 2 where it is clearly noted that the 'bulging' of the plate after shot peening is considerably less. Shot peening has grown from a surface cleaning process to an important commercial process after the realisation that it has important effects on the mechanical properties of the components that have been treated as such. The impact of a small hard piece of material like a sphere, on a soft surface will deform plastically the surface at the point of impact and due to the small recovery at the edges of this area the region is put into compression. When a large number of impacts happen over the whole surface area a compressive stress profile is developed that increases to a maximum some small distance below the surface and subsequently turns into a tensile stress at a deeper level. There is no known NDT method which ensures that a component is properly shot peened except for the procedures using an ingenious device known as the Almen strip described in the SAE Handbook .
(1) However the pictures of the aluminium plate in figure 2 suggest that ESPI might well be developed as a tool ensuring control of shot peening in terms of uniformity, repeatability etc. Quite clearly if non uniform 'hardening' was to occur on the surface that was shot peened, the plate when subsequently loaded uniformly will not exhibit a regular fringe pattern. In fact the 'soft' and 'hard' regions, on the unevenly shot peened surface, would distort the fringe pattern as if they were flaws or defects, in similar manner as the fringe patterns on the components that are described in section 2.2 below.
Defect Detection
This section contains samples of some of the work undertaken in the past using ESPI as a non destructive testing technique. ( Findeis and Gryzagoridis (2) , (3), (4), (5), (6) ). The purpose is an attempt to show the versatility of the technique, as a simple diagnostic or flaw identifying tool used in the testing of a variety of engineering components made from various materials. Our experience has been that there is no unique or preferred manner to perturb the object under test before the capture of the second image. Practitioners just go with the method that yields the most dramatic fringe pattern, that is, either thermal, pressure/vacuum or mechanical stressing. The examples in the figures below demonstrate fringe patterns that develop due to different defects on a number of components made of different materials as well as using different stressing techniques. The captions of the figures provide concise information regarding each case. 
Conclusions
The results from the simple experiment with the aluminium plate before and after shot peening were as expected, thus giving the confidence to proceed with rigorous parametric studies. The ESPI technique being capable of the measurement of minute surface displacements, can be used in order to relate the surface displacement to stress on a fixed-ends rectangular plate. The exact solution for the displacement of a fixedends rectangular plate under uniform loading is available (Seely and Smith (7) ) and will act as a bench mark. In the manner demonstrated here, future work will attempt to quantify residual stresses at the lower end of their spectrum, perhaps extending their quantification beyond the capability of the Almen strip technique. Furthermore it will attempt to establish procedure ensuring repeatability and uniformity of shot peening processes on selected components. The authors believe that through the examples presented here in section 2.2, it was possible to demonstrate the usefulness of the ESPI technique, when applied as a nondestructive testing method for the detection of defects. The images obtained, when one uses the ESPI technique, are fairly revealing. There in no requirement of any special skills in identifying the presence of flaws or defects in engineering components, which are made from a wide range of materials such as mild steel, aluminium, fibreglass, composites etc. Furthermore the technique is very user-friendly, testing can be effected in almost real time and hardly requires any surface preparation of the test piece. With the current technological advances in diode lasers, digital cameras, digitizers and portable computers, relatively inexpensive portable ESPI systems like the one depicted in Figure 1 .1 are within the reach of the NDT community. It is believed that this technology can be extended to the residual stress field, as mentioned in this paper.
